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FRACTURE  FUNDAMENTALS  IN  TITANIUM 

ALUMINIDES 


R.  O.  Ritchie  and  A.  W.  Thompson 


(AFOSR  Grant  No.  F49620-96-1-0233) 


FOREWORD 

This  manuscript  constitutes  the  Final  Technical  Report  for  Grant  No.  F49620-96- 1-0233, 
administered  by  the  U.S.  Air  Force  Office  of  Scientific  Research,  with  Dr.  C.  H.  Ward  as 
program  manager.  The  work,  covering  the  period  March  1,  1996  through  February  28, 
1997,  was  performed  under  the  direction  of  Dr.  R.  O.  Ritchie,  Professor  of  Materials 
Science,  University  of  California  at  Berkeley,  and  Dr.  A.  W.  Thompson  with  Aindrea 
McKelvey,  Josh  Campbell  and  Jay  Kruzic  as  graduate  students. 
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ABSTRACT 


Fracture  toughness  and  fatigue-crack  propagation  behavior  at  temperatures 
between  ambient  and  800°C  has  been  investigated  in  a  wide  range  of  (Y+a2)  TiAl 
microstructures,  including  single-phase  y,  duplex,  coarse  lamellar  (1-2  mm  colony  size), 
fine  lamellar  (-150  ftm  colony  size),  and  a  P/M  lamellar  microstructure  (-65  p.m  colony 
size,  -0.1  p.m  lamellar  spacing).  The  influences  of  colony  size,  lamellar  spacing  and 
volume  fraction  of  equiaxed  y  grains  are  analyzed  in  terms  of  their  effects  on  resistance  to 
the  growth  of  large  (>5  mm)  cracks.  Specifically,  coarse  lamellar  microstructures  are 
found  to  exhibit  the  best  cyclic  and  monotonic  crack-growth  properties,  while  duplex  and 
single-phase  y  microstructures  exhibit  the  worst,  trends  which  are  rationalized  in  terms  of 
the  salient  micromechanisms  affecting  growth.  These  mechanisms  primarily  involve 
crack-tip  shielding  (R-curve  toughening)  processes,  and  include  crack  closure,  crack 
deflection,  and  uncracked  ligament  bridging.  However,  since  the  potency  of  these 
mechanisms  is  severely  restricted  for  cracks  with  limited  wake,  in  the  presence  of  small 
(<500  |im)  cracks  the  distinction  in  the  fatigue-crack  growth  resistance  of  the  lamellar 
and  duplex  microstructures  becomes  insignificant.  With  respect  to  temperature, 
resistance  to  fatigue-crack  growth,  as  characterized  by  the  fatigue  threshold,  is  found  to 
be  superior  at  800°C,  yet  inferior  at  600°C,  compared  to  room  temperature  behavior.  This 
“anomalous  temperature  effect”  is  ascribed  to  a  dominant  role  of  oxide-induced  crack 
closure  at  800°C,  which  acts  to  retard  near-threshold  growth  rates  and  to  lead  to 
premature  arrest  of  crack  growth  at  a  higher  threshold  value. 
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1.  ON  THE  ROLE  OF  MICROSTRUCTURE  IN  FATIGUE-CRACK  GROWTH 
OF  y-based  titanium  ALUMINIDES 

(J.  P.  Campbell,  K.  T.  Venkateswara  Rao,  and  R.  O.  Ritchie) 


1.1  Introduction 

Titanium  aluminide  intermetallic  alloys  based  on  the  y-phase  are  currently  being 
studied  as  potential  replacements  for  conventional  Ti  alloys  in  gas  turbine  engines  [1-4]. 
Two  classes  of  microstructure  have  been  prominent:  a  lamellar  structure  consisting  of 
colonies,  which  are  generally  very  coarse  in  size  (~1  to  2  mm),  containing  alternating  y 
and  a2  platelets,  and  a  much  finer  duplex  structure  consisting  of  equiaxed  grains  of  y  with 
small  amounts  of  ai  or  lamellar  grains  [1].  In  general,  duplex  structures  display  better 
elongation  and  strength,  whereas  lamellar  structures  show  better  toughness  and  fatigue- 
crack  growth  resistance  [2,5-8].  Recent  research  efforts  on  y-based  titanium  aluminides 
haye  also  focused  on  variants  of  the  coarse  lamellar  and  fine  duplex  microstructures, 
including  lamellar  structures  with  refined  colony  sizes  [9],  refined  lamellae  thickness 
[10],  and  significant  volume  fractions  of  equiaxed  y  grains  (nearly  lamellar 
microstructures)  [9,11].  The  effects  of  these  microstructural  variations  on  fracture 
behavior  and  fatigue-crack  growth  are  not  yet  well  understood. 

This  paper  presents  the  results  of  a  study  on  the  room  temperature  fatigue-crack 
growth  behavior  of  several  dual-phase  (y  +  ai)  TiAl  alloys  with  a  range  of 
microstructures  which  vary  in  volume  fraction  of  lamellar  colonies  and  in  colony  size, 
including  coarse  fully  lamellar,  refined  fully  lamellar,  refined  nearly  lamellar,  and  duplex. 
Comparison  of  these  microstructures  indieates  that  fatigue-crack  growth  resistance 
depends  strongly  upon  microstructure.  The  observed  variation  in  fatigue-crack  growth 
resistance  is  analyzed  in  terms  of  extrinsic  crack  shielding  mechanisms,  specifically  crack 
closure  and  uncracked  (shear)  ligament  bridging. 

1.2  Materials  and  Experimental  Methods 

Three  y-TiAl  intermetallic  alloys  are  examined  in  the  present  study.  Relevant 
structural  parameters  for  each  microstructure  in  each  alloy  are  given  in  Table  1.  The  first 
alloy,  Ti-47.7Al-2.0Nb-0.8Mn  (at.%)  containing  ~1  vol.%  TiB2  particles,  was  fabricated 
by  the  process,  which  is  a  proprietary  method  for  incorporating  in  situ  ceramic 

particulate,  whisker  or  short  fiber  reinforcements  [12].  This  alloy  was  permanent  mold 
cast  into  40  mm  diameter  rods  and  then  hot-isostatic  pressed  (HIPed)  at  1260°C  and  172 


MPa  pressu^  for  4  hr.  The  resulting  ne^ly 

grains)  contained  refined  „as  distributed  randomly  among  y 

referred  to  as  XD  nearly  lame  ar  .  2-5  pm  in 

grains  and  lamellar  colonies  as  (at.%)  was  processed  to  yield  both  a 

diamemr).  The  second  alloy,  T1.47A1- 

fully  lamellar  microstructure  wift  re^  „nerostrucmre  (Fig.  1.1c,  hereafter 

referred  to  as  MD  fully  lamellar)  and  3^_2.3Nh-1.5Cr-0.4V  (at.%)  was 

referred  to  as  MD  duplex).  The  nize  (-  1-2  mm)  (Fig. 

treated  to  yield  a  fully  a  duplex  microstrucmre  (Fig.  Lie. 

t,d,  hereafter  p, .casing  details  for  TW7Al.2Nb-2Cr-0.2B  and 

"  o  ™b  rscr  0  4V  r  msen-O  elsewhem  (8,131. 

Ti-47.3Al-2.3Nb-l.5CrO.  Wormed  in  room  temperature 

Long  05  mm)  fatigue-crack  at  frequencies  of  25  Hz  (sine 

air  on  compact  tension  spectmens.  T-t 

wave)  under  automated  stress-.ntenstty  ®  ®  01  (tension-tension)  was 

Standard  E647.  A  constant  maximum  stress  intensities  of  the 

maintained,  where  if™,  and  0,e  applied  stress-mtenstty  range 

loading  cycle.  Fatigue  thresholds  AK™  ^  ^  monitored  usrng 

corresponding  to  growth  rates  be  ow  0^^  3l0a  face  of 

electrical-potential  measurement  on  N.Cr  fori  g  g 

specimens  and/or  back-face  strain  compliance  me  o  . 

Table  l.l 


lamellar 

colony 

lamellae 

spacing* 

equiaxed 

Y  phase 

y  grain 
size 

size 

120  pm 

2.0  pm 

30% 

23  pm 

145  pm 

1.3  pm 

4% 

5-20  pm 

_ _  lamellar  lameime 

-  microstrucmre/  spacing*  TPh^s® 

composition  _ _ _ 

___  XD  nearly  Imnellar/  120  pm^ 

Ti-47.7Al-2.0Nb-0.8Mn  +  1  vol%  T1B2 

MD  fully  lamellar/  145  1 .3  pm 

Ti-47Al-2Nb-2Cr-0.2B 

,  ,  -  90% 

MD  duplex/ 

Ti-47Al-2Nb-2Cr-0.2B 

G7  coarse  lamellar/  1-2  mm  1.3  pm  <  " 

Ti-47.3Al-2.3Nb-l.5Cr-0.4V 

a  .  /  -  90-95' 

G7  duplex/ 

Ti-47.3Al-2.3Nb-l.5Cr-0.4V _ _ _ 


90% 

<5% 

90-95% 


17  pm 
10-40  pm 
15-40  pm 


yield 

strength 

(MPa) 

546** 

426 

384 

450 

450 
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Elastic  compliance  data  were  also  utilized  to  measure  the  extent  of  crack-tip 
shielding  from  crack  closure  and  crack  bridging.  Crack  closure  was  evaluated  in  terms  of 
the  closure  stress  intensity,  K,u  which  was  approximately  defined  at  the  load 
corresponding  to  the  first  deviation  from  linearity  on  the  unloading  compliance  [14,15]. 
Crack  bridging  was  assessed  using  a  method  [16]  involving  a  comparison  of  the 
experimentally  measured  unloading  compliance  (at  loads  above  those  associated  with 
closure)  with  the  theoretical  value  for  a  traction-free  crack  in  a  compact  tension  sample 
[17-19].  With  this  technique,  a  bridging  stress  intensity,. J^br,  representing  the  reduction  in 
Kmax  due  to  the  bridging  tractions  developed  in  the  crack  wake  was  estimated. 

1.3  Results  and  Discussion 

1.3.1  Role  of  microstructure 

The  fatigue-crack  growth  resistance  of  the  XD  nearly  lamellar,  MD  fully  lamellar, 
MD  duplex,  G7  coarse  lamellar,  and  G7  duplex  microstructures  are  compared  in  Fig.  1.2. 
Also  shown  for  comparison  is  the  crack  growth  resistance  of  a  single-phase  y  alloy  (Ti- 
55A1  (at.%)  with  traces  of  Nb,  Ta,  C,  and  O)  [20]  with  grain  sizes  of  -2-10  pm.  In 
general,  the  lamellar  microstructures  show  superior  fatigue-crack  growth  resistance 
compared  to  the  equiaxed  y  grain  materials,  i.e.  duplex  and  single-phase  y,  consistent  with 
results  reported  by  other  authors  [4,8,21].  It  is  interesting  to  note  that  the  rank  ordering  of 
these  microstructures  in  terms  of  fatigue-crack  growth  resistance  parallels  exactly  their 
relative  toughness  under  monotonic  loading  [9,22].  For  all  alloys  and  microstructures, 
the  fatigue-crack  growth  rates,  da/dN,  are  a  strong  function  of  AK,  particularly  for  the 
duplex  microstructures,  where  the  entire  da/dN{AK)  curve  lies  within  a  AK  range  of  -1 
MPaVm  or  less.  Comparatively,  the  lamellar  microstructures  show  greater  damage 
tolerance,  with  higher  crack-growth  thresholds  and  improved  da/dN(AK)  slopes  in  the 
mid-growth  rate  regime. 

The  various  lamellar  microstructures  investigated,  which  differ  in  lamellar  colony 
size,  dimension  of  the  individual  lamellae,  and  volume  fraction  of  equiaxed  y  grains, 
display  a  range  of  cyclic  crack  growth  resistance  nearly  as  large  as  that  observed  between 
the  lamellar  and  duplex  structures.  While  the  G7  lamellar  microstructure,  with  by  far  the 
largest  colony  size  investigated,  exhibits  the  best  fatigue-crack  growth  resistance,  the  MD 
fully  lamellar  material  possesses  only  slightly  lower  crack-growth  resistance  despite  an 
order  of  magnitude  reduction  in  colony  size.  The  difference  in  crack  growth  resistance  is 
largest  near  the  threshold;  AKm  =  8.6  MPaVm  for  the  MD  fully  lamellar,  compared  to 
AKth  ~  10  MPaVm  for  the  coarser  G7  structure.  The  XD  nearly  lamellar  microstructure. 
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•ze  (-120  urn)  roughly  equivalent  to  that  of  the  MD 

on  the  other  hand.  significantly  lower  crack  growth  resistance, 

fully  lamellar  material  (  ^  ’  mareinal  improvements  in  near-threshold 

fact,  the  XD  — equiaxed  y  materials  (e.g.  AK™  =  6.5 
fatigue  properties  (Ait-™  •  ^iuplex  microstmctures, 

MPavIm  and  5.9  MPa^m  or  e  .  -  -^oved  above -10‘®  m/cycle.  The  most 
respectively),  although  its  fatigue  lamellar  and  MD  fully 

prominent  microstrucmral  difference  '  ^  ^  j  ^ma^ed  y  grains  present  in  the 

lamellar  ^  Jvior  of  the  single-phase  y,  G7  duplex,  .d 

XD  structure.  The  mfenor  era  gr  of  eqmaxed  y 

MD  duplex  microstructures  (l-tg.  ■  .  ^  detrimental  to  fatigue-crack 

grains,  suggests  that  this  morpho  ogy  o  fatjgne-otack  growth  resistance  and 

growth  r^istance.  A  deleterious  co—  ^i„„ad  as  a  function  of  the 

equiaxed  y  grains  is  j®'  ^’aimilar  degradation  in  toughness  due  to  the 

volume  fraction  of  equine  yj  ^  j,  believed  that  the 

presence  of  the  eqmaxed  y  Ph^e  axtnnstc 

equiaxed  y  grams  degra  e  cr^  ^  ^ains  allow  for  a  less 

Shielding  mechanisms,  specific  y  ,  m  24]  (where  the  y  grains  do  not 

tortuous  crack  path)  and  uncracked  hgament  bndgtng  (23, 

participate  in  uncracked  ligament  formation). 

132  f«,ri«siccrnck-,ip  shielding  (crock  closure  and  bridging) 

yhe  disparity  in  fatigue-crack  “ 

mictostroemres  and  between  the  ^  by  crack  closure  and  uncracked 

differences  in  the  degme  of  crack-up  shieli^mg  pmm^  7  MD  fitlly 

ligament  bridges.  Fig.  1.4  prints  --“f  . 0.1.  Closure  stress 

lamellar,  and  ^  microstructure  (-  4-7  MPa^m);  however, 

intensities  are  highest  in  the  MD  fu  y  ,  There  is  considerable  scatter  in 

Ka  is  greater  than  Kmn  at  all  AK  for  pc  m  however,  an  increase  in  Kcx 

the  measured  Kd  for  the  MD  u  y  a  associated  with  the  formation  of 

with  AK  is  observed.  Thts  tren  i^  imerpretation  of  crack  closure  tn 

uncracked  ligament  budges  at  tg  .  ^  closure 

the  presence  of  bridging  is  uncertain,  the  present 

18  24-27Uhat  uncracked  ligaments  in  the  crack  wake 

are  an  “^rir o^rg  —  for  monotonic  loading  in  lamellar  y-based  TiAl. 
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However,  it  is  often  observed  that  bridging  mechanisms,  such  as  ductile  phase 
reinforcements,  which  are  potent  under  monotonic  loading  become  ineffective  during 
cyclic  loading  [20,28].  This  results  from  a  cyclic  degradation  of  the  bridges  or  from  an 
inability  of  the  bridges  to  form  at  the  lower  stress  intensities  typical  of  fatigue  (compared 
to  monotonic  fracture).  In  the  present  study,  direct  microscopic  examination  of  the  crack 
wake  indicates  that  uncracked  ligament  bridges  can  form  in  lamellar  structures  during 
cyclic  loading  (Fig.  1 .5)5  however,  the  magnitude  of  shielding  from  these  ligaments  is 
substantially  reduced  from  that  seen  under  monotonic  loading.  Indeed  previous 
investigators  have  reported  fractographic  evidence  of  bridge  formation  during  fatigue- 
crack  growth  in  lamellar  TiAl  microstructures  [29]. 

The  magnitude  of  shielding  provided  by  uncracked  ligaments  for  both  the  XD 
nearly  lamellar  and  ME)  fully  lamellar  microstructures  was  estimated  by  comparing 
measured  and  theoretical  unloading  compliance  [16].  The  results  are  presented  in  Fig. 
1.6,  where  Krr^,  Kn^n,  and  Xmax-Xbr  are  plotted  as  a  function  of  AK.  The  magnitude  of 
shielding  provided  by  uncracked  ligament  bridging,  Kbt,  is  given  by  the  difference 
between  the  Kmax  and  lines.  Only  small  amounts  of  shielding  are  observed  in  the 

XD  nearly  lamellar  TiAl  at  all  AK,  and  in  the  MD  fully  lamellar  structure  at  near¬ 
threshold  loading  (Kbr  <  0.5  MPaVm).  However,  significant  shielding  does  occur  in  the 
MD  fully  lamellar  TiAl  at  higher  AK,  with  K^r  =  2.1  MPa'v/m  (14%  of  Kmax)  at  AK  =  12.6 
MPaVm.  Although  substantial,  this  shielding  contribution  in  fatigue  is  significantly  lower 
than  that  which  occurs  during  monotonic  fracture,  where  Kbr  ~  4  to  25  MPav/m  [9,30]. 
The  greater  propensity  for  uncracked  ligament  bridge  formation  under  cyclic  loading  in 
the  MD  fully  lamellar  microstmcture  relative  to  the  XD  nearly  lamellar  material  is 
consistent  with  behavior  observed  for  monotonic  loading,  as  suggested  by  superior 
resistance-curve  behavior  in  the  MD  fully  lamellar  TiAl  [9,22]. 

Based  on  the  closure  and  bridging  stress  intensities  presented  in  Figs.  1.4  and  1.6, 
the  overall  crack-tip  shielding  contribution  can  be  quantified  by  defining  an  effective, 
near-tip  stress  intensity  range,  AKeft,  as  follows 

AXeff  =  {Kmax  -  Kbt)  '  Kq\,  ( 1 ) 

for  Kc\  >  Kmm-  Plotting  the  measured  fatigue-crack  growth  rates  as  a  function  of  the 
closure  and  bridging  corrected  AK^n  indicates  that  these  shielding  mechanisms  are  largely 
responsible  for  the  differences  in  crack  growth  resistance  of  the  various  microstructures. 
In  Fig.  1.7,  growth  rates  are  plotted  as  a  function  of  both  the  applied  stress  intensity 
range,  AK,  and  AXeff  for  the  MD  fully  lamellar  and  MD  duplex  microstructures  (no 
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shielding  from  uncracked  ligament  bridging  was  measured  in  the  duplex  matenal).  For 
the  lamellar  microstructure,  the  shielding  correction  was  applied  to  crack-growth  rates  at 
applied  AK  within  0.5  MPaVm  of  the  stress  intensity  ranges  at  which  /sTbr  was  measured. 

This  allowed  for  plotting  a  sufficient  number  of  shielding  corrected  data  points;  it  was 
assumed  that  the  true  values  of  K^r  would  not  vary  significantly  over  this  small  range  of 
AK  After  “correcting”  for  the  extrinsic  shielding  mechanisms,  the  discrepancy  in 
fatigue-crack  growth  resistance  between  the  MD  fully  lamellar  and  MD  duplex 
microstructures  is  significantly  reduced;  the  difference  in  crack  growth  thresholds  is 
reduced  from  ~  3  MPaVm  to  only  ~  1  MPaVm  =  4.3  and  5.5  MPa>/m, 

respectively,  for  the  duplex  and  lamellar  structures).  These  results  suggest  that  the 
difference  in  intrinsic  fatigue-crack  growth  resistance  between  the  lamellar  and  duplex 
microstructures  is  small.  Affirmation  of  this  point  is  provided  by  results  reported  by 
Campbell  cr  al.  on  the  growth  of  small  (25-275  nm)  fatigue  cracks  in  these  same 
microstructures  [13].  Crack-growth  rate  data  sets  for  small  cracks,  which  are  far  less 
affected  by  shielding  contributions  due  to  their  limited  wake,  show  considerable  scatter  m 
the  MD  fully  lamellar  and  MD  duplex  microstructures,  but  essentially  overlap. 

The  range  of  crack-growth  resistance  exhibited  by  the  various  lamellar 
microstructures  can  also  be  attributed  in  part  to  extrinsic  crack-tip  shielding.  In  Fig.  1.8, 
crack-growth  rates  in  the  XD  nearly  lamellar  and  MD  fully  lamellar  microstructures  are 
plotted  both  as  a  function  of  the  applied  AK  and  the  closure  and  shielding  corrected  AX^ff. 
The  discrepancy  in  crack-growth  resistance  between  the  two  microstructures  is  virtually 
eliminated  when  da/dN  are  plotted  as  a  function  of  A^Teff,  particularly  in  the  near¬ 
threshold  regime,  with  AXTH,cff  =  5.5  MPa^/m  for  both  materials.  The  scatter  at  higher 
growth  rates  for  the  shielding-corrected  data  in  the  MD  fully  lamellar  microstructure 
results  from  scatter  in  the  measured  Kd  (Fig.  1.4). 

Clearly  comparisons  between  the  various  lamellar  and  duplex  microstructures 
based  on  "long-crack"  fatigue-crack  growth  properties  (Fig.  1.2)  indicate  that  the  coarser 
lamellar  structures  are  superior.  However,  such  improved  crack-growth  resistance  has 
been  shown  to  result  primarily  from  extrinsic  shielding  mechanisms  (bndgmg  and 
closure)  which  operate  behind  the  crack  tip.  Considering  the  steep  slope  of  the 
da/dN{AK)  curves  exhibited  by  these  intermetallic  alloys,  for  many  fatigue  cntical 
applications  the  fatigue  threshold  in  the  presence  of  small  cracks  (where  shielding  is 
ineffective)  may  well  be  a  critical  design  parameter.  Under  these  design  specifications, 
the  duplex  microstructures  exhibit  performance  nearly  equivalent  to  that  of  lamellar 
microstructures.  In  fact,  in  the  fatigue-limited  applications  for  which  y-based  titanium 
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aluminides  are  being  considered,  the  duplex  structures  may  well  be  superior  as  they 
display  higher  (smooth  bar)  fatigue  limits  [4]  and,  due  to  their  finer  microstructures, 
small-crack  growth  rates  are  prone  to  far  less  scatter  [13]. 

1 .4  Conclusions 

Based  on  a  study  of  room  temperature  fatigue-crack  growth  in  a  wide  range  of  y- 
based  TiAl  alloys  and  microstructures,  including  duplex,  fully  lamellar  with  coarse 
colony  size,  fully  lamellar  with  refined  colony  size,  and  nearly  lamellar  with  refined 
colony  size,  the  following  conclusions  can  be  made: 

1.  Fatigue-crack  growth  resistance  depends  strongly  on  microstructure.  In  general, 
lamellar  microstructures  exhibit  superior  damage  tolerance,  with  higher  crack-growth 
thresholds,  AKth,  and  improved  da/dN(AK)  slopes  in  the  mid-growth  rate  regime, 
when  crack  growth  is  characterized  in  terms  of  long  (>5  mm)  crack  behavior  and  the 
far-field  (applied)  stress  intensity  range. 

2.  The  discrepancy  in  fatigue-crack  growth  resistance  between  lamellar  and  duplex 
microstructures  in  Ti-47Al-2Nb-2Cr-0.2B  (at.%)  can  largely  be  attributed  to  higher 
crack-tip  shielding  (from  closure  and  bridging)  in  the  lamellar  structure.  Variations  in 
the  degree  of  shielding  provided  by  these  extrinsic  toughening  mechanisms  are  also 
responsible  for  some  of  the  discrepancy  in  fatigue-crack  growth  resistance  between 
the  various  lamellar  microstructures  investigated. 

3.  A  deleterious  correlation  is  observed  between  fatigue-crack  growth  resistance  and  the 
presence  of  equiaxed  y  grains.  It  is  believed  that  the  equiaxed  y  phase  degrades  crack 
growth  resistance  by  inhibiting  the  action  of  crack  closure  and  uncracked  ligament 

bridging. 

4.  Given  that  the  superior  fatigue-crack  growth  resistance  of  the  lamellar  microstructure 
in  Ti-47Al-2Nb-2Cr-0.2B  (at.%)  can  be  largely  attributed  to  extrinsic  toughening 
mechanisms  which  act  in  the  crack  wake,  it  is  expected  (and  has  been  observed  [13]) 
that  fatigue-crack  growth  resistance  in  the  presence  of  small  cracks,  which  are  not 
significantly  influenced  by  extrinsic  crack  shielding  due  to  their  limited  wake,  will  be 
comparable  in  the  lamellar  and  duplex  microstructures. 
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Fig  1  2-  Room  temperature  fatigue-crack  growth  resistance  in  G7  coarse  lamellar,  G7 
duplex,  MD  fully  lamellar,  MD  duplex,  XD  nearly  lamellar,  and  single-phase  y 
microstructures.  In  general  the  lamellar  microstructures  show  superior  fatigue- 
crack  growth  resistance  compared  to  the  equiaxed  y  structures  (i.e.  duplex  and 
single-phase  y).  The  various  lamellar  microstructures  investigated  display  a 
range  of  cyclic  crack  growth  resistance  nearly  as  large  as  that  observed  between 
the  lamellar  and  duplex  structures. 
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Fig.  1.3:  The  fatigue  threshold,  AKth,  as  a  function  of  the  volume  fraction  of  equiaxed  y 
grains  in  several  y-based  TiAl  microstructures  (XD  nearly  lamellar,  MD  fully 
lamellar,  MD  duplex,  G7  coarse  lamellar,  G7  duplex,  and  single-phase  y).  A 
deleterious  correlation  between  fatigue-crack  growth  resistance  and  the 
equiaxed  y  phase  is  observed. 
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Fig.  1.4:  Measured  crack  closure  stress  intensities,  Ka,  as  a  function  of  AK  (/?  =  0.1)  in 
the  MD  fully  lamellar,  MD  duplex,  and  XD  nearly  lamellar  microstructures. 
Solid  lines  indicating  Xmax  and  Kmia  are  also  presented.  Ka  is  observed  to  be 
largest  in  the  MD  lamellar  microstructure  (~  4-7  MPaVm),  however  Ka  >  ATmin 
for  all  microstructures  at  all  AK  levels. 
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Crack  Growth  Direction 


Fig.  1.5:  Scanning  electron  micrograph  of  a  fatigue-crack  profile  in  the  MD  fully 
lamellar  microstructure  (recorded  at  sample  mid-thickness)  showing  the 
presence  of  uncracked  ligament  bridges.  The  arrows  a  and  b  indicate  the 
beginning  of  the  crack  at  the  top  of  the  bridge  and  the  end  of  the  crack  at  the 
bottom  of  the  bridge,  respectively.  This  region  of  the  sample  was  tested  at  a 
constant  AK  of  12.5  MPavm  (R  =  0.1). 
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Fig.  1 .7:  Fatigue-crack  growth  rates,  da/dN,  for  long  cracks  in  the  MD  fully  lamellar  and 
MD  duplex  microstructures  are  plotted  as  a  function  of  the  applied  stress 
intensity  range,  AK,  and  an  effective,  near-tip  stress  intensity  range,  A/sTeff,  from 
which  the  effect  of  extrinsic  crack  shielding  mechanisms  (closure  and  bridging) 
have  been  “subtracted”.  It  is  apparent  that  these  extrinsic  shielding 
mechanisms  are  largely  responsible  for  the  disparity  in  fatigue-crack  growth 
resistance  between  the  two  microstructures  which  is  observed  when  crack- 
growth  rates  are  plotted  as  a  function  of  AK. 
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2.  ON  THE  ANOMALOUS  TEMPERATURE  DEPENDENCE  OF  FATIGUE- 

CRACK  GROWTH  IN  y-BASED  TITANIUM  ALUMINIDES 

(A.  L.  McKelvey,  K.  T.  Venkateswara  Rao,  and  R.  O.  Ritchie) 

2.1  Introduction 

Recently,  there  has  been  considerable  interest  in  y-based  titanium  aluminides  as 
light-weight  structural  materials,  particularly  in  the  aerospace  industry  where  they  are 
under  consideration  for  gas-turbine  engine  applications.  As  they  are  candidate  materials 
for  elevated  temperature  use,  an  understanding  of  their  fatigue  and  fracture  properties  at 
temperatures  comparable  to  operating  conditions  is  essential.  In  this  regard,  an 
anomalous  temperature  dependence  of  fatigue-crack  propagation  properties  and  the 
fatigue  threshold  (AKth)  has  been  reported  for  ybased  •  alloys  between  ambient 
temperature  and  800-850°C  in  air  environments  [1-3].  Although  near-threshold  growth 
rates  are  lower  at  800°C  than  at  25°C,  growth  rates  are  higher  at  600°C  than  at  25°C; 
similarly,  thresholds  are  highest  at  800°C  and  lowest  at  600°C,  with  room  temperature 
behavior  in  between.  Based  on  observations  that  the  effect  is  less  striking  in  vacuo 
compared  to  air,  as  shown  for  a  Ti-46.5Al-2Cr-3Nb-0.2W  (K5)  alloy  with  a  fully  lamellar 
microstructure  in  Fig.  2.1,  Larsen  et  al.  [1,4]  attributed  such  behavior  to  environmental 
embrittlement  and  a  lack  of  ductility  at  intermediate  temperatures  (on  the  assumption  that 
AK-m  should  increase  with  increasing  temperature  in  the  absence  of  embrittlement). 
Since  this  latter  assumption  is  questionable,  we  consider  here  the  role  of  crack-surface 
oxidation  and  its  tendency  to  retard  crack-growth  rates,  particularly  at  near-threshold 
levels,  via  crack-tip  blunting  and  shielding  by  oxide-induced  crack  closure.  In  this  study, 
the  role  of  this  mechanism  on  fatigue-crack  growth  rates  in  y-based  titanium  aluminides  is 
evaluated  as  a  function  of  temperature,  and  an  alternative  explanation  is  presented  for  the 
anomalous  temperature  dependence  of  the  near-threshold  fatigue  behavior, 

2.2  Experimental  Methods 

The  intermetallic  material  studied  was  a  Ti-47.4Al-l.9Nb-0.9Mn  (at.%)  alloy 
containing  ~1  vol.%  TiBa  particles  fabricated  through  a  proprietary  XD™  process  [5]. 
The  alloy  was  permanent  mold  cast  into  40  mm  diameter  rods  and  subsequently  hot- 
isostatic  pressed  at  1260°C  and  172  MPa  for  4  hours.  The  resulting  microstructure 
consisted  of  fine  lamellar  (y+oti)  colonies,  -120  |im  in  size,  with  -30  vol.%  of  equiaxed  y 
grains,  of  average  diameter  -23  p,m,  present  along  lamellar  colony  boundaries  (Fig.  2.2). 
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f  he  TiBa  phase  was  present  in  the  form  of  blocky  particles,  ranging  between  1  -  5  p,m  in 
size,  and  needle  shaped  particles,  ~20  -  50  p.m  long  and  3  -  5  |im  in  diameter. 

Fatigue-crack  propagation  tests  were  conducted  using  disk-shaped  compact- 
tension  DC(T)  specimens  (27  mm  wide  by  5  mm  thick),  which  were  cycled  in  air  on  an 
servo-hydraulic  testing  machine  at  600°  and  800°C,  i.e.,  below  and  above  the 
ductile-to-brittle  transition  temperature  (DBTT)  for  y-TiAl,  which  has  been  reported  to  be 
^700°C  [6].  Fatigue  tests  were  performed  at  10  Hz  (sine  wave)  under  automated  stress- 
intensity  (K)  control,  in  general  accordance  with  the  procedures  described  in  ASTM 
Standard  E647.  Crack-propagation  rates  were  measured  as  a  function  of  the  applied 
stress  intensities,  A/sr=  ^max  -  K^n,  at  constant  positive  load  ratio  of  /?  =  0.1,  defined  as 
the  ratio  of  the  minimum  to  maximum  stress  intensities  in  the  loading  cycle  (R  = 
K^JKmax)-  Load  shedding  schemes,  with  a  AT-gradient  (the  change  in  stress  intensity  per 
unit  crack  extension)  ranging  from  -0.1  through  -0.07  mm'*,  were  used  to  approach  the 
fatigue  thresholds,  AATth  and  ATmax.TH,  which  were  defined  respectively  as  the  AK  and  K^ax 
values  at  which  growth  rates  did  not  exceed  -10'*°  m/cycle.  Crack  lengths  were 
continuously  monitored  during  cyclic  loading  using  load-line  based  compliance  methods; 
values  were  periodically  verified  in  situ  using  optical  measurements.  Optical  crack  length 
measurements  at  elevated  temperatures  were  made  through  a  sapphire  window  furnace 
port  using  a  high-resolution  telescope  equipped  with  a  video  camera.  Good  agreement,  to 
within  ±  200  |im,  was  obtained  between  compliance  and  telescopic  measurements  for 
crack  length.  Corresponding  results  at  25°C  for  the  same  alloy  are  included  for 
comparison  [7]. 

An  attempt  was  made  to  directly  measure  the  extent  of  crack  closure  [8]  by 
estimating  the  closure  stress  intensity,  ATd,  corresponding  to  the  load  where  first  deviation 
from  linearity  occurred  with  respect  to  displacement  on  unloading.  Where  closure  occurs, 
an  effective  (near-tip)  stress-intensity  range,  AAreff=  ^max  -  KcU  can  be  defined  when 
Kmin-  However,  as  the  remoteness  of  measurement  at  elevated  temperatures  made  a 
precise  definition  difficult,  estimates  for  ATd  were  instead  calculated  based  on  oxide 
thickness  measurements.  Auger  spectroscopy  in  combination  with  focused-ion  beam 
sputtering  were  used  to  measure  the  total  oxide  thickness  on  the  fracture  surfaces  after 
final  fracture.  A  calibration  for  the  sputtering  rate  for  this  alloy  was  made  by  using  a 
profilometer  and  a  tantalum-oxide  film  with  known  thickness  in  conjunction  with  the 
spectroscopy.  X-ray  diffractometry,  at  grazing  incident  angles  of  1°,  5°  and  35°,  was 
used  to  determine  the  constituents  of  the  oxide  films.  At  800°C  where  the  oxide  scales 
were  of  micrometer  dimensions,  measurements  were  made  on  nickel-plated 
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metallographic  sections,  machined  perpendicular  to  the  fracture  surfaces  of  fatigue  cracks 
arrested  at  A^Tth- 


2.3  Results  arid  Discussion 

Rates  of  fatigue-crack  propagation  in  the  fine  lamellar  microstructure  at  25",  600" 
and  800»C  in  air  are  shown  in  Fig.  3  for  load  ratios  of  0.1  and  0.5.  It  is  apparent  that  the 
fastest  near-threshold  growth  rates  «10’  m/cycle)  and  lowest  AiT™  values  were 
measured  at  600"C,  just  below  the  DBTT  for  TiAl,  whereas  the  slowest  near-threshold 
growth  rates  and  highest  thresholds  were  observed  above  the  DBTT  at  800"C;  behavior  at 
room  temperature  was  intermediate.  As  noted  above,  this  anomalous  variatron  tn  fatigue- 
crack  growth  rates  with  temperature  is  a  characteristic  of  many  fTiAl  alloys  [1-3).  It  is 
known  that  this  phenomenon  is  effectively  suppressed  for  crack  growth  in  vucno  [1,4); 
the  present  study  further  indicates  that  it  is  more  pronounced  at  R  =  0.5  compared  to  0.1 
and  is  absent  at  higher  growth  rates  above  -5  x  lO;'  m/cycle  (Fig.  2.3). 


An  explanation  for  this  effect  proposed  by  Larsen  et  al.  [1,4]  is  that  since  AK™ 
thresholds  would  normally  increase  with  increasing  temperature  (in  the  absence  of 
environmental  effects),  the  data  at  600-650»C  are  "anomalous"  due  to  some  unspecified 
environmental  embrittlement  at  the  lower  temperature.  In  addition,  it  has  been  suggested 
that  the  effect  is  related  to  the  increase  in  ductility  above  the  DBTT  at  800“C  [2,3). 
However,  most  models  for  intrinsic  fatigue-crack  growth  imply  that  growth  rates  should 
increase,  and  AK™  thresholds  should  decrease,  with  temperature  (e.g.,  the  simple  crack- 
tip  opening  displacement  model  [91  where  growth  rates  ate  inversely  propotbonal  to  the 
yield  strength  and  modulus).  Accordingly,  a  much  more  probable  explanation  is  that  Ae 
800»c  data  are  "anomalous",  particularly  since  the  experimental  data  in  vacuo  for  the 
TlAI  alloy  (Fig.  2.1)  confirm  that  indeed,  without  prominent  environmental  effects. 


thresholds  decrease  with  temperature. 

To  explain  any  anomaly  in  the  800"C  data,  we  note  that  the  effect  is  most 
prevalent  at  near-threshold  levels,  which  suggests  a  prominent  role  of  crack  closure; 
moreover,  since  high-temperature  air  environments  are  involved,  a  likely  candidae  is 
closure  induced  by  oxidation  products  (10).  Indeed,  the  effect  of  such  oxide-induced 
crack  closure  (OICC)  on  fatigue-crack  growth  in  a  duplex  TiAl  microstracture  has  een 
investigated  as  a  function  of  load  ratio  by  Soboyejo  et  al.  [11),  although  temperature 
effects  were  not  examined.  Consequently,  to  evaluate  the  specific  influence  of  OICC  at 
the  temperatures  in  question.  Auger  spectroscopy  was  used  in  combination  wit 
sputtering  techniques  and  metallography  to  measure  the  peak  thickness  of  the  oxi  e 
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deposits  on  the  fatigue  fracture  surfaces  as  a  function  of  temperature  and  load  ratio 
Table  1  shows  the  oxide  thickness  measurements  at  the  fatigue  threshold. 


Table  2.1 


Total  thickness  of  oxide  deposits  on  fatigue  surfaces  at  AA:th  at  25°.  600°  and  800°C  m  air. 


25°C 

600°C 

800°C 

i?  =  0.1 

17  ±  10  nm 

230  ±  12  nm 

726181  nm 

0 

It 

22  ±  8  nm 

120  ±  10  nm 

266 1 1 1  nm 

Since  OICC,  in  the  form  of  premature  contact  of  the  crack  surfaces  on  unloading, 
may  be  considered  to  be  active  when  the  peak  oxide  thickness  is  comparable  with  the 
minimum  crack-tip  opening  displacement  (CTOD^n)  in  the  loading  cycle,  these  data 
strongly  suggest  that  closure  is  significantly  more  active  at  800°C  than  at  room 
temperature  and  600°C.  However,  it  is  the  excess  oxide  volume,  i.e.,  the  excess  material 
inside  the  crack  allowing  for  the  conversion  of  metal,  that  is  important  in  this  comparison 
[12].  To  compute  these  values,  it  is  necessary  to  know  the  prevailing  oxidation 

reaction(s). 

Using  X-ray  diffractometry  to  identify  the  oxide  constituents,  it  was  found  that 
TiOi  followed  by  AI2O3  exhibited  the  strongest  characteristic  X-ray  peaks  at  both  600 
and  800°C,  indicating  that  T1O2  and  AI2O3  occupy  the  largest  mole  fraction  of  the  oxide 
layer;  smaller  amounts  of  TiN,  Ti3AlN,  pure  Ti  and  Mn02  were  also  detected. 
Accordingly,  to  determine  the  thickness  of  excess  material  on  the  fracture  surfaces,  the 
volume  ratio  of  oxide  to  metal  of  an  oxidation  reaction,  i.e.,  the  Pilling-Bedworth  (P-B) 
ratio  [13],  was  determined.  To  simplify  the  analysis,  the  following  reactions  which  only 
consider  the  formation  of  TiOj  and  AI2O3,  were  used  to  approximate  the  actual  P-B  ratio, 
since  these  reaction  products  make  up  the  largest  mole  fraction  of  actual  corrosion 

products  formed: 

TisAl  +  2O2  -»  2Ti02  +  TiAl 
2Ti3 A1  +  1 5/2O2  6Ti02  +  AI2O3 

These  reactions  represent  upper  and  lower  bounds  for  the  P-B  ratios,  which  have  values 
of  1.56  and  1.14  respectively.  Since  the  oxide  layer  may  have  resulted  from  several 
reactions  simultaneously,  the  bulk  P-B  ratio  was  taken  as  the  average  value  of  1.32  in 


21 


order  to  calculate  excess  oxide  thicknesses;  these  are  listed  in  Table  2.2,  together  with 
corresponding  CIODmin  values  at  the  threshold. 


Table  2.2 


Comparison  of  estimated  CTOD„,,  at  A^Tth  and  excess  oxide  thickness  at  25°,  600°  and  800°C 


is-c 

eoo^c 

81 

D0“C 

CTOD,^„ 

nm 

excess  oxide 
thickness,  d 

nm 

CTODfnin 

nm 

excess  oxide 
thickness,  d 

nm 

croD^^ 

nm 

excess  oxide 
thickness,  d 

nm 

d 

11 

2.5 

13 

4 

175 

11 

552 

^  =  0.5 

154 

17 

91 

202 

Table  2.2  gives  a  clear  indication  of  the  relative  effects  of  OICC  over  the  temperature 
range  in  question  through  a  comparison  of  the  excess  oxide  thickness,  d,  with  the 
CrODmin;  moreover,  further  insight  can  be  gained  by  estimating  the  closure  stress 
intensities,  Ka,  by  assuming  that  the  oxide  is  a  rigid  wedge  inside  the  crack  [12],  viz: 

Ed 

=  4,/i;(i-v») 

where  d  is  the  peak  excess  oxide  thickness,  21  is  its  location  behind  the  tip,  E/(l-v^)  is  the 
effective  Young’s  modulus  in  plane  strain,  and  v  is  Poisson's  ratio.  From  Eq.  1,  values  of 
Kci  at  25°  and  600°C  were  estimated,  respectively,  to  be  0.3  and  3.1  MPa-'/m  at  a  load 
ratio  of  0.1  and  -0.3  and  1.6  MPa>/m  at  R  =  0.5.  At  800°C,  values  were  considerably 
greater  with  corresponding  estimates  being,  respectively,  9.8  and  3.6  MPaVm  at  load 

ratios  of  0.1  and  0.5 

From  these  considerations  and  Table  2.2,  it  is  apparent  that  the  role  of  OICC  at 
25°C  is  small  (e.g.,  Kci  <  at  low  R);  indeed  it  is  essentially  negligible  at  /?  =  0.5 
where  d  «  CTODmn-  At  600°C,  the  role  of  OICC  is  still  relatively  minor,  as  d  < 
CrODmin  at  i?  =  0.5;  even  at  i?  =  0.1,  Kc\  values  are  still  only  a  small  fraction  of  the 
/CmaxTH  threshold,  i.e.,  <  0.39.  However,  at  800°C,  the  extent  of  crack-surface 

oxidation  is  extensive,  d  »  CTODrr,.  at  /?  =  0.1,  such  that  the  reduction  in  the  near-tip 
driving  force  for  crack  extension  due  to  oxide  wedging  is  substantial  (i.e.,  ~  0.77 

at  A/sTth). 
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Since  fatigue-crack  propagation  can  be  considered  as  the  mutual  competition  of 
intrinsic  microstructural  damage  mechanisms  ahead  of  the  crack  tip,  which  promote  crack 
advance,  and  extrinsic  crack-tip  shielding  (e.g.,  closure)  mechanisms,  behind  the  tip, 
which  act  to  impede  it  [15],  we  conclude  that  the  anomalous  temperature  effect  on  the 
near-threshold  fatigue  of  Y-TiAl  base  alloys  results  directly  from  this  interplay.  Indeed,  if 
the  crack-growth  rates  in  Fig.  2.3  are  re-plotted  as  a  function  of  A^Teff  after  “correcting” 
for  such  closure  (Fig.  2.4),  the  anomalous  temperature  dependence  disappears.  Rather 
than  growth  rates  being  accelerated  (and  AK-m  thresholds  lowered)  at  intermediate 
temperatures  due  to  some  unspecified  environmental  embrittlement  and  a  lack  of  ductility 
below  the  DBTT  [2],  it  is  proposed  that  as  the  intrinsic  fatigue  resistance  decreases  with 
increasing  temperature  (as  shown  by  the  in  vacuo  data),  growth  rates  are  instead  retarded 
(and  AK-m  thresholds  increased)  at  800°C  due  to  the  substantial  effect  of  crack  closure 
from  the  wedging  of  crack-surface  oxidation  products.  This  explanation  is  consistent 
with  the  in  vacuo  results  (Fig.  2.1),  all  oxidation  data  (Table  2.2),  and  simple  intrinsic 
models  for  fatigue-crack  growth  [9];  moreover,  the  sudden  onset  of  threshold  behavior  at 
high  growth  rates,  shown  by  the  800°C  data  (Fig.  2.3),  is  very  characteristic  of  the 
cessation  of  crack  growth  due  to  thermal  oxide  wedging  (e.g.,  [16]). 

2.4  Conclusions 

Based  on  a  study  of  the  fatigue-crack  growth  behavior  at  i?  =  0.1  and  0.5  between 
25°  and  800°C  in  a  y-TiAl  based  XD™  Ti-47.4Al-l.9Nb-0.9Mn  (at.%)  titanium 
aluminide  alloy  (containing  -1  vol.%  TiBz  particles),  with  a  fine  (-120  \Lm  sized) 
lamellar  microstructure,  the  following  conclusions  can  be  made: 

1.  An  anomalous  temperature  effect  on  fatigue-crack  propagation  rates  is  confirmed  in 
that  growth  rates  are  found  to  be  lower  at  800'>C  than  at  25°C  yet  are  higher  at  600JC 
than  at  25°C;  similarly  AXth  thresholds  are  highest  at  800°C  and  lowest  at  600°C, 
with  room  temperature  behavior  in  between.  The  effect,  however,  is  only  seen  in  air 
environments  and  predominates  at  near-threshold  levels  below  -5  x  10'®  m/cycle. 

2.  Rather  than  being  associated  with  some  unspecified  embrittlement  at  600°C,  the 
effect  is  ascribed  to  a  dominant  role  of  oxide-induced  crack  closure  at  800°C,  which 
retards  near-threshold  crack  growth  rates  and  results  in  a  premature  arrest  of  crack 
growth  at  a  higher  AXth  threshold  value.  This  explanation  is  consistent  with  results 
in  vacuo,  measurements  of  crack-surface  oxidation  debris,  and  simple  intrinsic 
models  for  fatigue-crack  growth. 
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da/dN  (m/cycle) 


AK  (MPaVm) 


Fig.  2.1;  Variation  of  fatigue-crack  propagation  rates,  da/dN,  as  a  function  of  Ae  sfress- 
intensity  range,  M/,  in  the  K5  (Ti-46.5  Al-2Cr-3Nb-0.2W)  alloy  at  R  =  0.1  at  25  , 
600°  and  800°C  in  room  air  and  an  ultrahigh  vacuum  (UHV)  of  ~6  x  lU  Fa  fatter 
Larsen  era/.  [1,4]). 


Fig.  2.2: 


Optical  micrograph  of  the  microstructure  of  the  XD™-processed  Ti-47 .4^  Al- 1  -9^- 
0.9Mn  (at.%)  alloy  containing  ~1  vol.%  TiBj  particles,  heat  treated  to  a  fine 

lamellar  (y+a,)  microstructure  with  ~30  vol.%  equiaxed  y  grains  along  lamellar 
colony  boundaries  (etchant:  2%  HF ,  5%  H3PO4) . 
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AK  (ksiVm) 


AK  (ksiVm) 


Fig.  2.3:  Variation  of  fatigue-crack,  propagation  rates,  daldN,  with  temperature  (25°,  600° 
and  800°C)  at  (a)  R  =  0.l  and  (b)  R  =  0.5  in  the  XD™-processed  Ti-47.4Al-l.9Nb- 
0.9Mn  (at.%)  alloy  containing  ~1  vol.%  TiBj  particles.  Note  how  the  fatigue 
thresholds  are  lowest  at  600°C  and  highest  at  800°C,  with  25°C  data  in  between. 
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AK  (ksiVm) 

5  6  7  8  9  10 


recessed  Ti-47AI-2Nb-lMn  +  1  vol.%  TiB 


2  3  456789  10  ^  ^ 

EFFECTIVE  STRESS-INTENSITY  RANGE,  (MPaVm) 


Fig.  2.4:  Variation  of  fatigue-crack  propagation  rates,  daldN,  at  /?  —  0.1  with  the  effective 
stress-intensity  range  (AK^  =  in  the  XD™-processed  Ti-47 .4AI-1 .9Nb- 

0.9Mn  (at.%)  alloy  containing  ~1  vol.%  TiB,.  Note  how  after  "correcting"  for 
crack  closure,  the  "anomalous  temperature  effect"  on  fatigue  thresholds 
disappears. 


3.  ON  THE  GROWTH  OF  SMALL  FATIGUE  CRACKS  IN  y-BASED 
TITANIUM  ALUMINIDES 

(J.  P.  Campbell,  J.  J.  Kruzic,  S.  Lillibridge,  K.  T.  Venkateswara  Rao  and  R.  O. 
Ritchie) 

3.1  Introduction 

Gamma-based  TiAl  intermetallic  alloys  have  received  considerable  attention 
recently  as  candidate  materials  for  high-temperature  aerospace  applications  [1-4].  Two 
classes  of  microstructure  have  been  prominent  in  the  two-phase  (y-t-  ai)  alloys;  a  lamellar 
structure  consisting  of  lamellar  colonies  containing  alternating  y  and  ai  platelets,  and  a 
duplex  structure  consisting  of  equiaxed  grains  of  y  with  small  amounts  of  a.2  grains  [1]. 

In  general,  duplex  structures  display  better  elongation  and  strength,  whereas  lamellar 
structures  show  better  toughness  and  fatigue  crack-growth  resistance  [2,5-8].  However,  a 
problem  with  both  microstructures,  as  with  most  intermetallics,  is  that  fatigue-crack 
growth  rates,  dddN,  show  a  very  strong  dependence  upon  the  applied  stress-intensity 
range,  AX',  i.e.,  da/dN  «>=  AX^,  where  m  is  greater  than  ~10  [11,12].  With  such  high 
exponents,  predicted  component  lives  based  on  damage-tolerant  analyses  are  often 
unacceptably  sensitive  to  applied  stress  levels,  necessitating  that  the  applied  AX  levels 
remain  below  a  fatigue  threshold,  AXth-  In  the  presence  of  “small  cracks”,  however,  this 
approach  may  be  non-conservative. 

Small  cracks  (typically  <  -500  pm  in  length)  are  known  to  grow  at  applied  AX 
below  the  “long  crack”  threshold,  and  to  exhibit  growth  rates  m  excess  of  those 
corresponding  to  long  cracks  (typically  larger  than  2-3  mm)  at  the  same  applied  AX  levels 
[11-14].  Such  effects  are  apparent  when  crack  sizes  become  comparable  to  i)  the 
characteristic  microstructural  dimensions  (a  continuum  limitation),  ii)  the  extent  of  local 
inelasticity  (i.e.,  the  plastic-zone  size)  ahead  of  the  crack  tip  (a  linear-elastic  fracture 
mechanics  limitation),  or  iii)  the  extent  of  the  zone  of  crack-tip  shielding  behind  the  crack 
tip  (a  similitude  limitation).  Accordingly,  the  objective  of  the  present  study  is  to  examine 
the  small-crack  effect  in  a  commercial  y-based  TiAl  alloy  by  companng  the  growth-rate 
behavior  of  long  (through-thickness)  cracks  with  that  of  small  surface  cracks  for  both 
duplex  and  fully  lamellar  microstructures. 

3.2  Materials  and  Experimental  Procedures 

The  TiAl  alloy  studied,  of  nominal  composition  (at.%)  Ti-47Al-2Nb-2Cr-0.2B, 
contained  B  additions  which  resulted  in  -0.5  vol.%  of  needle-like  TiB2  particles  (-2-10 
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|im  in  length  and  ~1  ^im  in  diameter).  The  lamellar  microstructure  was  obtained  by  a 
two-step  forging  process,  followed  by  heat  treating  in  flowing  argon  gas  at  1370  C  for  1 
hr,  air  cooling  and  then  holding  6  hr  at  900°C  prior  to  argon  gas  furnace  cooling.  The 
resulting  microstructure  featured  -145  p,m-sized  lamellar  colonies  with  very  small 
amounts  (-4%)  of  fine  equiaxed  y  grains  (5-20  M.m)  between  lamellar  colonies;  the  a.2 
layer  (center-to-center)  spacing  was  -1.3  ^im  (Fig.  3.1a).  The  duplex  microstructure  was 
achieved  through  a  furnace  cool  after  heat  treating  the  forged  alloy  at  1320°C  for  3  hr  in 
argon.  The  structure  consisted  of  nearly  equiaxed  grains  of  the  yphase,  -17  p.m  in 
diameter  (Fig.  3.1b),  with  -10  vol.%  aa  present  in  the  form  of  thin  layers  (-1-3  ^m  thick) 
at  grain  boundaries  or  as  larger  “blocky”  regions  (-3-23  ^im  in  diameter)  at  triple  points. 

A  small  proportion  of  fine  lamellar  colonies  was  also  present. 

Long  (>  5  mm)  crack  growth  rates  were  measured  on  through-thickness  cracks 
using  4-mm  thick  compact-tension,  C(T),  specimens.  Tests  were  conducted  in  25°C  air 
at  25  Hz  (sine  wave)  in  accordance  with  ASTM  Standard  E647;  a  load  ratio,  R,  of  0.1  (- 
i^min/^max)  was  maintained.  Fatigue  thresholds,  AA^th,  operationally  defined  as  the 
applied  below  which  da/dN  <  lO'*®  m/cycle,  were  approached  using  a  variable- 
AAT/constant-i?  load-shedding  scheme.  Crack  lengths  were  monitored  using  electrical- 
potential  measurements  (on  NiCr  foil  gauges  bonded  to  the  side  face  of  the  specimen)  and 
using  back-face  strain  compliance. 

Elastic  compliance  data  were  also  utilized  to  measure  the  extent  of  crack-tip 
shielding  from  crack  closure  and  crack  bridging.  Crack  closure  was  evaluated  in  terms  of 
the  closure  stress  intensity,  which  was  approximately  defined  at  the  load 
corresponding  to  first  deviation  from  linearity  on  the  unloading  compliance  curve  [15,16]. 
Crack  bridging  was  assessed  through  a  comparison  of  the  experimentally  measured 
unloading  compliance  (at  loads  above  those  associated  with  closure)  with  the  theoretical 
value  for  a  traction-free  crack  [17].  With  this  technique,  a  bridging  stress  intensity, 
representing  the  reduction  in  ACmax  due  to  the  bridging  tractions  developed  in  the  crack 
wake,  was  estimated. 

Small  (c  <  300  pm)  crack  growth  rates  were  investigated  using  unnotched 
rectangular  beams  (of  width  10  mm,  thickness  6  mm,  and  span  50  mm),  loaded  in  four- 
point  bending.  Small  surface  cracks  associated  with  electro-discharge  machining  (EDM) 
pit  damage  were  cyclically  loaded  to  grow  the  cracks  away  from  the  EDM  heat-affected 
zone  (HAZ)  prior  to  data  acquisition  (HAZ  was  identified  optically  using  an  aqueous  2% 
HF,  5%  H3PO4  etchant  on  a  polished  surface).  In  some  instances,  sample  surfaces  were 
ground  and  polished  following  pitting  to  completely  eliminate  the  HAZ,  leaving  only 
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small  cracks  on  the  surface.  Using  this  procedure,  initial  surface  flaws  with  half  lengths 
less  than  c  -125  pm  were  achieved. 

Bend  samples  were  cycled  at  /( =  0.1  between  5  and  25  Hz:  (sine  wave),  with  crack 
lengths  monitored  by  periodic  surface  replication  using  cellulose  acetate  tape.  Replicas 
were  An  Or  Pt  coated  to  improve  resolution  prior  to  optical  measurement  of  crack  lengths. 
Average  growth  rates  were  computed  from  the  amount  of  crack  extension  between  two 
discrete  measurements.  Stress  intensities  were  determined  using  linear-elastic  solutions 
for  surface  cracks  in  bending  [18],  assuming  a  semi-circular  crack  profile  (crack  depth  to 
half  surface  crack  length  ratio,  eje  =  1).  This  assumption  was  verified  by  heat  tinting 
select  samples  at  600«C  for  4  hr  prior  to  fracture  to  measure  the  crack  shape; 
measurements  revealed  an  average  a/c  ratio  of  1.04  which  corresponds  to  a  semi-circular 

crack. 


3.3  Rftsults  and  Discussion 

Figure  3.2  shows  the  fatigue-crack  growth  rates  of  through-thickness  long  cracks 
in  the  lamellar  and  duplex  microstructures.  Growth  rates  are  clearly  a  strong  function  of 
AK  with  Paris  power-law  exponents,  m,  in  the  mid-growth-rate  regime  ranging  from  9  in 
the’lamellar  to  22  in  the  duplex  structure.  Crack-growth  resistance  is  considerably  greater 
in  the  lamellar  structure;  indeed  growth  rates  (at  a  specific  AK)  are  up  to  five  orders  of 
magnitude  lower  and  threshold  AK-m  values  -IV2  times  larger  than  in  the  duplex  material, 
resulting  from  a  significant  role  of  crack-tip  shielding  [4.8,19].  Under  monotonic 
loading,  inter-  and  intra-lamellar  microcracking  ahead  of  the  crack  tip  results  m  the 
development  of  uncracked  (“shear”)  ligament  bridges  in  the  crack  wake  [20,21].  Crack 
bridging  by  these  ligaments  is  the  principal  mechanism  of  toughening  in  the  lamellar 
microstructure  [20],  with  a  bridging  stress  intensity  Kbt  on  the  order  of  12  MPa  m  [19]. 
No  such  bridging  is  seen  in  the  duplex  material.  Under  cyclic  loading  in  the  lamellar 
structure,  the  bridging  is  diminished  in  part  due  to  fatigue  failure  of  the  ligaments; 
nevertheless,  it  still  has  a  prominent  effect  [19],  i.e.,  K,.  values  in  fatigue  have  been 
measured  as  high  as  2  MPaVm  (14%  of  K^)  at  Aif  ~  13  MPaVm.  In  addition,  the 
resulting  meandering  crack  paths  promote  (roughness-induced)  crack  closure  from  the 
wedging  of  asperities  [19].  Although  the  interpretation  of  closure  measurements  can  be 
somewhat  uncertain  in  the  presence  of  bridging,  measured  Ka  values  at  i?  -  0.1  ranged 
from  -4-7  MPaVm  in  the  lamellar  structure  to  ~1.6-2.2  MPaVm  in  the  duplex  structure. 

Corresponding  results  for  the  growth  of  cracks  with  half  surface  lengths  between 
-35-275  pm  are  plotted  in  Fig.  3.2.  Clearly,  small-crack  growth  rates  have 
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characteristically  far  greater  scatter  than  long-crack  data,  associated  with  a  biased 
sampling  of  the  microstructure  by  flaws  which  are  comparable  in  size  with 
microstructural  dimensions  [22].  Moreover,  in  marked  contrast  to  long-crack  behavior, 
the  scatter  bands  for  the  lamellar  and  duplex  microstructures  essentially  overlap,  although 
crack  growth  in  the  lamellar  structure  occurs  at  slightly  lower  AK  levels.  The  most 
significant  results,  however,  are  that,  at  equivalent  applied  AK  levels,  small-crack  growth 
rates  exceed  those  of  corresponding  long  cracks  by  up  to  3  orders  of  magnitude,  and  crack 
growth  is  observed  in  both  stmctures  at  applied  AK  levels  well  below  the  long-crack 
threshold,  AK-m-  Specifically,  small-crack  growth  is  evident  at  applied  AK  levels  as  low 
as  3  5  and  4  7  MPaVm  in  the  lamellar  and  duplex  structures,  respectively,  corresponding 
long-crack  thresholds  are,  respectively,  8.6  and  6.0  MPa^/m.  Differences  between  long- 
and  small-crack  behavior,  however,  are  much  reduced  in  the  duplex  microstructure. 

Given  the  salient  role  of  shielding  in  the  crack-growth  resistance  of  y-based  TiAl 
alloys,  in  particular  for  the  lamellar  microstructure,  it  is  likely  that  small  flaws  in  these 
alloys  will  be  susceptible  to  a  similitude  limitation.  In  other  words,  by  virtue  of  their 
limited  wake,  they  do  not  develop  equilibrium  zones  of  crack-tip  shielding  akin  to  long 
cracks.  Such  shielding,  which  arises  primarily  from  uncracked  ligament  bridging  and 
roughness-induced  crack  closure,  is  much  less  prominent  in  the  duplex  structure, 
consistent  with  the  minimal  difference  in  small-  and  long-crack  data  in  this 
microstmcture.  Indeed,  since  the  superior  long  fatigue  crack-growth  properties  of 
lamellar  microstructures  have  been  principally  attributed  to  shielding  mechanisms  [19], 
the  similar  fatigue  crack-growth  properties  of  the  duplex  and  lamellar  structures  for 
small-crack  sizes  would  appear  to  result  from  a  reduced  shielding  contnbution  at  these 
crack  sizes.  The  limited  role  of  such  shielding  during  small-crack  growth  and  the 
observed  similarity  of  the  duplex  and  lamellar  small-crack  data  thus  implies  that  there  is 
little  difference  in  intrinsic  fatigue  crack-growth  resistance  of  the  two  microstmctures. 

To  verify  this  similitude  limitation  quantitatively,  the  shielding  contributions  from 
both  uncracked  ligament  bridging  and  crack  closure  were  experimentally  measured  and 
“subtracted”  from  the  long  crack  results  on  the  assumption  that  the  effective  (local) 
driving  force  at  the  crack  tip,  AK^tf,  can  be  described  (for  Kc\  >  Kmm)  by: 

AK^ff={K,r^^-Kbr)-K,i. 

Here  Kb:  is  the  bridging  stress  intensity  associated  with  bridging  tractions  developed 
across  the  crack  flank,  and  K^  is  the  closure  stress  intensity,  arising  pnmarily  from  the 
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wedging  of  fracture-surface  asperities  inside  the  crack.  Specific  measurements  of  Kj,  and 
&  are  documented  in  ref.  19;  results  in  terms  of  their  effect  on  the  normaltaation  of  long- 
and  small-crack  data  are  shown  respecuvely  in  Figs.  3.3a  and  b  for  the  lamellar  and 

duplex  microstructures. 

As  illustrated  in  Fig.  3.3,  replotting  the  long-crack  data  tn  terms  of  AS:,it  after 
correcting  for  bridging  and  closure  results  in  a  far  closet  correspondence  between  the  long 
and  small  crack  behavior,  although  the  normalization  is  less  effective  for  the  lamellar 
microstructure  where  smaltoack  growth  is  evident  at  stress  intensities  below  the  AKth.,i, 
threshold.  This  is,  however,  to  be  expected  because  crack  sizes  are  comparable  to  the 
scale  of  the  coarser  lamellar  microsttuctute  {continuum  limitation).  For  crack  sizes 
smaller  than  the  grain  size,  the  crack  front  of  the  elliptical  flaw  at  most  sampled  only  a 
few  lamellar  colonies.  Prior  studies  of  the  effect  of  lamellar  orientation  on  fatrgue  crack- 
growth  rates  have  indicated  that  growth  rates  are  faster  when  cracking  is  coplanar  with 
the  iamellar  (y/ar)  intetfa^,  particuiarly  at  low  Af:  levels  [23-26].  It  is  thus  unlikely  that 
a  continuum  parameter  such  as  the  long-crack  threshold,  which  is  determined  for  a  large 
crack  which  samples  many  lamellar  colonies,  would  reflect  the  worst-case  growth-rate 
behavior  of  a  small  crack  confined  to  only  one  or  two  colonies. 

In  terms  of  the  potential  use  of  y-TiAl  alloys  in  fatigue-critical  situations,  the 
present  data  suggest  a  somewhat  surprising  result  that  the  duplex  microstructure  may 
offer  the  better  properties  and  be  more  amenable  to  reliable  application  in  damage- 
tolerant  design.  Indeed,  although  the  scatter  bands  for  the  two  alloys  largely  overlap,  t  e 
lamellar  structure  exhibits  small-crack  growth  at  lower  Alf  levels.  Moreover,  as  t^esign 
may  have  to  be  based  on  a  fatigue  threshold  due  to  the  steep  exponents  in  the  (long) 
crack-growth  law,  the  ability  to  define  a  lower-bound  threshold  value  will  be  cntical.  T  e 
definition  of  such  limits  appears  feasible  for  duplex  microstructures  in  terms  of  (a 
shielding-corrected)  AK™,nr  threshold,  at  least  tor  crack  sizes  larger  than  charactenstic 
microsttuctural  dimensions  (-20  (im).  In  contrast,  it  is  more  difficult  to  define  a  similar 
threshold  tor  the  lamellar  structures  as  characteristic  microsttuctural  dimensions  are  up  to 
an  order  of  magnitude  larger.  Accordingly,  the  growth  rates  of  small  fatigue  cracks  up  to 
c  -  300  pm  in  length  show  considerable  scatter  due  to  statistical  sampling  of  the 
microstructure,  and  continue  to  propagate  at  stress  intensities  below  the  AKju^n 

threshold. 
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3.4  Conclusions 


Based  on  an  experimental  study  of  the  fatigue-crack  growth  behavior  of  long 
(>5  mm)  through-thickness  and  small  (c  <  300  |im)  surface  cracks  in  duplex  and  lamellar 
microstructures  in  a  Ti-47Al-2Nb-2Cr-0.2B  (at.%)  alloy  at  25°C,  the  following 
conclusions  can  be  made: 

1.  Small-crack  growth  rates  in  both  microstructures  are  faster  than  those  of 
corresponding  long  cracks  at  the  same  applied  AK  levels;  moreover,  small  cracks  are 
found  to  propagate  at  applied  AK  levels  below  the  long-crack  threshold  A/sTth- 

2.  This  effect  is  primarily  attributed  to  the  role  of  crack-tip  shielding,  principally  from 
uncracked  ligament  bridging  and  crack  closure,  in  impeding  long-crack  growth  rates 
(similitude  limitation),  as  closer  correspondence  between  long-  and  small-crack  data 
is  achieved  after  “correcting”  for  such  shielding.  Small-crack  growth,  however,  is  still 
evident  below  this  lower-bound  threshold  in  lamellar  structures  even  after  such 
normalization,  due  to  statistical  sampling  of  the  coarser  microstructure  (continuum 
limitation). 

3.  A  comparison  of  long-crack  data  suggest  that  the  fatigue  crack-growth  resistance  of 
the  lamellar  structure  is  significantly  greater  than  that  of  the  duplex  structure,  with 
growth  rates  being  up  to  five  orders  of  magnitude  lower  at  equivalent  AK  levels.  A 
comparison  of  small-crack  data,  conversely,  indicates  marginally  superior  fatigue 
crack-growth  resistance  in  the  duplex  structure  (although  the  scatter  bands  for  the  two 
structures  overlap). 

4.  Duplex  microstructures  appear  to  offer  better  properties  from  the  perspective  of  their 
potential  use  in  fatigue-critical  applications.  In  addition  to  their  higher  strength  and 
ductility,  the  definition  of  a  shielding-corrected  (lower-bound)  A/i:TH.eff  threshold, 
below  which  both  small-  and  long-cracks  are  dormant,  appears  feasible.  Such  an 
approach  is  less  certain  for  the  coarser  lamellar  microstructures  where  small  cracks  of 
grain-size  dimensions  continue  to  propagate  below  this  lower-bound  threshold  (a 
continuum  limitation). 
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Fig.  3.1:  Optical  micrographs  of  the  (a)  lamellar  and  (b)  duplex  microstructures  in  Ti- 
47Al-2Nb-2Cr-0.2B  (at.%).  Etchant:  aqueous  2%  UF/  5%  H3PO4. 


AK  (ksi>/in) 


Fig.  3.2:  Fatigue  crack-growth  rates  for  through-thickness  long  cracks  (a  >  5  mm)  and 
small  surface  cracks  (c  -  35-275  |im)  in  the  lamellar  and  duplex 
microstructures  of  Ti-47Al-2Nb-2Cr-0.2B.  Small-crack  data  points  represent 
average  growth  rates  over  a  specific  increment  of  crack  extension  (between  two 
surface  replications). 
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